Infection by human cytomegalovirus (HCMV) is associated with the development of vascular diseases and may cause severe brain damage in infected fetuses. Platelet-derived growth factor receptors alpha and beta (PDGFR-␣ and -␤) control important cellular processes associated with atherosclerosis and fetal development. In the present investigation, our goal was to determine whether infection by HCMV can influence the expression of PDGFR-␣ and -␤ in human smooth muscle cells (SMCs). In connection with HCMV infection in vitro the levels of PDGFR-␣ and -␤ at the cell surface and in the total cellular protein of SMCs were reduced in parallel with decreases in the levels of the corresponding mRNAs. These effects were dependent on immediate-early (IE) or early (E) HCMV gene products, since inhibition of late genes did not prevent HCMV from affecting the expression of PDGFR-␣ and -␤. The downregulation of PDGFR caused by HCMV was dose dependent. Furthermore, confocal microscopy revealed that the localization of PDGFR-␤ was altered in HCMV-infected cells, in which this protein colocalized with proteins associated with endosomes (Rab4 and -5) and lysosomes (Lamp1 and -2), indicating entrance into pathways for protein degradation. Altogether these observations indicate that an IE and/or E HCMV protein(s) downregulates the expression of PDGFR-␣ and -␤ in SMCs. This phenomenon may disrupt cellular processes of importance in connection with cellular differentiation, migration, and/or proliferation. These observations may explain why congenital infection with HCMV can cause fetal brain damage.
Platelet-derived growth factor (PDGF), an important mitogen and chemoattractant for a variety of different types of cells, is involved in embryonic development, wound healing, carcinogenesis, and atherosclerosis. PDGF is recognized by the PDGF receptor (PDGFR), belonging to the tyrosine kinase family of receptors. To date, two human forms of PDGFRs have been identified: PDGFR-␣, which binds PDGF-A and -B isoforms of PDGF, and PDGFR-␤, which shows affinity for the PDGF-B isoform (reviewed in references 6 and 9). PDGF-C has a binding pattern similar to that of PDGF-A/B as it binds PDGFR-␣/␣ homodimers as well as PDGFR-␣/␤ heterodimers (8, 15) , whereas PDGF-D binds only to PDGFR-␤ (2) . PDGF is secreted by a variety of cells, including platelets, smooth muscle cells (SMCs), endothelial cells, and macrophages. PDGF has been found to be mitogenic and to serve as a chemotactic factor for mesenchymal cells such as SMCs, fibroblasts, neutrophils, and mononuclear cells (9) . This factor can induce SMCs to differentiate, which involves alteration from a contractile to a synthetic phenotype, following which these cells can proliferate and migrate from the medium to the intima layer of the vessel wall (reviewed in reference 30).
PDGFs also play important roles in connection with the migration, proliferation, differentiation, and deposition of extracellular matrix associated with the development of many other types of cells of mesenchymal origin.
Mice lacking PDGFR-␤ exhibit abnormal kidney glomeruli, thrombocytopenia, widespread edema, and hemorrhage, and they die during late gestation (25) . Interestingly, mice expressing a nonfunctional mutant form of PDGF-B demonstrate similar defects but also display capillary microaneurysms, hypoplasia of arterial SMCs, and cardiac muscle hypotrophy, suggesting a loss of PDGFR-␣ signaling in response to PDGF-BB or -AB (14) . The defects observed in mice lacking PDGFR-␣ include cleft face, subepidermal blistering, spina bifida, impaired formation of the neural crest, incomplete cephalic closure, cardiovascular and skeletal defects, and edemas resulting in embryonal death (26) .
Differences in the expression of ␣ and/or ␤ receptors on different types of cells, as well as the variability in PDGF ligand binding, allow a wide range of potential biological responses to PDGF. For example, this signaling system has, on the basis of the elevated levels of PDGFs and PDGFRs detected in atherosclerotic in comparison to healthy vessels, been proposed to participate in the formation of atherosclerotic lesions (reviewed in reference 9). This participation might involve, e.g., induction of the migration of SMCs from the medium to the intima layer of the vessel wall and subsequent proliferation of these cells as well as enhancement of the production of components of the extracellular matrix.
Human cytomegalovirus (HCMV) belongs to the herpesvirus family, whose members remain in the body in a latent state following primary infection. HCMV may cause severe disease in immunocompromised patients, such as individuals with AIDS and patients taking immunosuppressive drugs following transplantation (5) . HCMV is also clearly the most important congenital infection that may lead to developmental damage of the central nervous system, including hearing loss, mental retardation, and visual impairment. The prevalence of congenital HCMV infection is 0.2 to 2.3% of all live births, and 50 to 70% of these infected infants show symptoms at birth (1) .
Moreover, a number of previous investigations have revealed the presence of HCMV in atherosclerotic lesions and vessels from patients with transplant vascular sclerosis (TVS) (16, 17) . By the employment of in situ DNA hybridization and PCR techniques, nucleic acids characteristic for HCMV have been detected in atheromatous plaques collected from the abdominal aorta of HCMV-seropositive patients undergoing reconstructive vascular surgery (10, 11) . In addition, the HCMV genome and HCMV immediate-early (IE) antigens (IEAs) have been found in different layers of the human aorta (20) . Previous studies have also demonstrated that prophylaxis with ganciclovir, a potent inhibitor of HCMV replication, and HCMV hyperimmune globulin can reduce and delay the risk of TVS in heart transplant patients (32) , which further suggests that HCMV may be a causative agent for TVS.
However, the mere presence of HCMV in vessel walls and in atherosclerotic lesions cannot be considered to provide direct evidence that HCMV causes atherosclerosis. At the same time, a number of different types of cells involved in the pathogenesis of atherosclerosis, such as SMCs, monocytes/macrophages, and endothelial cells, have been shown to be susceptible to infection by HCMV, both in vitro and in vivo (7, 24, 29, 31) . Such infection may damage the endothelium, thereby altering the patterns of secretion of different growth factors, chemokines, and cytokines by different types of cells. This ability to change the local environment in the vessel wall makes HCMV a prime candidate for involvement in the pathogenesis of atherosclerosis.
In support of this hypothesis, our laboratory and others have previously presented evidence that chemokines and their receptors may participate in a significant manner in the development of vascular diseases (27, 28) . US28, encoded by the HCMV genome, similar in structure to the human chemokine receptor CCR-2, and capable of binding many of the CC chemokines (including RANTES and monocyte chemoattractant protein 1 [MCP-1]), promotes migration of vascular SMCs in vitro. HCMV also changes the patterns of secretion of chemokines, such as RANTES and MCP-1, by infected cells (12, 18) . Furthermore, in connection with heart transplant models, CMV-mediated upregulation of chemokine expression was associated with accelerated chronic rejection (27) .
In this study, our goal was to determine whether infection of SMCs by HCMV alters the pattern of expression of PDGFRs by these cells. Interestingly, HCMV was found to downregulate the expression of both PDGFR-␣ and -␤, a phenomenon which may have important biological implications in particular during fetal development.
MATERIALS AND METHODS

Cells.
Human pulmonary artery SMCs (HPASMC), human coronary artery SMCs (HCASMC) (Clonetics, BioWhittaker, Walkersville, MD), and human aortic SMCs isolated with an explant technique were maintained in cell culture flasks (Costar, Corning Incorporated, Corning, NY) in SmGm2 medium (Clonetics) containing growth factors (Clonetics), while human pulmonary artery endothelial cells (Clonetics) were maintained in EGM2 medium containing growth factors (Clonetics). HPASMC, HCASMC, and human pulmonary artery endothelial cells were used after 8 to 14 passages. Fibroblasts were maintained in Dulbecco's modified Eagle's medium with glutamine supplemented with 100 U penicillin and 100 g streptomycin per ml (Gibco BRL, Grand Island, NY) and used following 20 to 23 passages.
Infection with HCMV. At 80% confluence, cells were exposed to HCMV at various multiplicities of infection (MOIs; 0.01 to 10) at 37°C. The four different strains of HCMV utilized were AD169, Towne, the clinical isolate HA, and the endothelial cell-adapted clinical isolate VR1814 (kindly provided by Giuseppe Gerna, University of Pavia, Pavia, Italy). Experiments with UV-irradiated virus and virus-cleared supernatants collected at 4 h, 12 h, 24 h, or 72 h after infection and filtered through a 0.1-m-pore-size filter in order to remove infectious virus particles were also performed, as was infection in the presence of 3 mM foscarnet (Foscavir; Astra, Södertälje, Sweden). Both filtration and UV irradiation of the virus reduced the extent of infection of human lung fibroblasts by Ͼ95%, confirming the effectiveness of these treatments. In some experiments supernatants from HCMV-infected and uninfected SMC cultures were collected at 4, 12, 24, and 72 h postinfection (hpi); cleared by centrifugation; and stored at Ϫ70°C until use. These supernatants were either filtered to remove virus particles, diluted 1:3, and used for infection or mock infection of SMC cultures or used in enzymelinked immunosorbent assays for PDGF-AB and PDGF-BB (R&D Systems, Minneapolis, MN) according to the manufacturer's protocol.
As shown immunocytochemically, foscarnet inhibited the expression of the late HCMV proteins gB and SL20 by human lung fibroblasts infected with HCMV by Ͼ95% as well. Cell-free stocks of virus were prepared by centrifugation of the culture medium from infected fibroblasts and subsequently frozen and stored at Ϫ70°C until use. Virus titers were determined by plaque assays, as described previously (33) . The levels of expression of these different surface antigens were determined as the mean channel fluorescence corrected for the control value. The histograms of the mean channel values for uninfected and HCMV-infected cells were compared on a linear scale, and a difference encompassing more than 10 channels was considered to reflect a change.
Monitoring of apoptosis. Seven days after infection, HCMV-infected and mock-infected HPASMC were analyzed for apoptotic markers utilizing the TACS annexin V-FITC apoptosis detection kit (R&D Systems, Minneapolis, MN) and flow cytometric analysis in accordance with the protocol supplied by the manufacturer. As a positive control, apoptosis was induced in HPASMC with 1 mM NaN 3 and 500 M H 2 O 2 in Krebs-Ringer phosphate buffer for 1.5 h at room temperature prior to the experiment.
Western blotting. Cells were cultured in 75-cm 2 cell culture flasks and subsequently exposed to HCMV at an MOI of 1.0 as described above. For PDGFR phosphorylation experiments uninfected and HCMV-infected SMCs were stimulated with 100 ng/ml of human recombinant PDGF-␤␤ (R&D Systems, Minneapolis, MN). Cells were disrupted in an immunoprecipitation lysis buffer, the protein concentration was determined by the bicinchoninic acid procedure, and samples were subjected to Western blotting employing antibodies directed against PDGFR-␣ or -␤ (both rabbit polyclonal IgG [Santa Cruz Biotechnology] or both mouse monoclonal antibodies [R&D Systems, Minneapolis, MN]) or mouse monoclonal anti-actin-␤ (Abcam, Cambridge, United Kingdom). For detection of phosphorylated PDGFR-␣ and -␤ samples were subjected to affinity-purified rabbit anti-phospho-PDGFR-␣ (Y762) or -␤ (Y751) (R&D Systems, Minneapolis, MN). For this latter purpose, a volume of sample containing 10 g protein was loaded onto 4 to 20% precast Tris-glycine gels (PAGEr Gold precast gels; Cambrex Bio Science Rockland, Rockland, ME) and thereafter transferred to a polyvinylidene difluoride transfer membrane (Amersham Bioscience, Buckinghamshire, United Kingdom). Polyvinylidene difluoride transfer membranes were incubated together with diluted primary antibody overnight at 4°C. Protein bands were detected by the electrogenerated chemiluminescence method followed by development using high-performance chemiluminescence film (Amersham Pharmacia Biotech UK Limited) or by the diaminobenzidine peroxidase substrate kit (Vector Laboratories, Burlingame, CA) after a 2-h incubation of the blots with the secondary antibody, donkey anti-rabbit Ig linked with horseradish peroxidase (Amersham Life Science) or anti-mouse IgG horseradish peroxidase-linked whole antibody from sheep (Amersham Bioscience, Buckinghamshire, United Kingdom). In the case of quantification of Western blot bands, by using the software ImageJ, version 1.37, background intensity was subtracted for each band respectively, and the intensity was normalized to the corresponding ␤-actin loading control and presented as the relative level of intensity.
Real-time PCR. Total cellular RNA was isolated from HPASMC or HCASMC. Cell pellets were dissociated in buffer-RLT (QIAGEN, Chatsworth, CA) containing ␤-mercaptoethanol and stored at Ϫ80°C prior to isolation of total cellular RNA with the RNeasy minikit (QIAGEN) in accordance with the manufacturer's instructions. The resulting RNA samples were analyzed with the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA), utilizing the 6000 Nano LabChip kit and the Ambion RNA ladder. Reverse transcription-PCR was performed with the SuperScript First-Strand Synthesis System for reverse transcription-PCR with oligo(dT) 20 primers (Invitrogen Life Technologies, Stockholm, Sweden), with a starting amount of 500 ng RNA, according to the manufacturer's protocol. The primers and probes for PDGFR-␣ and -␤ and for ␤-2 microglobulin were Assay-on-Demand products obtained commercially from Applied Biosystems, Foster City, CA (PDGFR-␣, catalog no. Hs00183486_ml; PDGFR-␤, Hs00182163_ml; ␤-2 microglobulin, Hs00187842_ml). The IEA was manufactured by Custom Taqman Gene Expression Assay Service (forward, TGACGAGGGCCCTTCCT; reporter, 6-carboxyfluorescein-AAGGTGCCAC GGCCCG-5Ј; reverse, CCTTGGTCACGGGTGTCT). TaqMan semiquantitative PCR was performed according to the manufacturer's protocol using the ABI Prism 7700 Sequence Detection system (Perkin-Elmer Applied Biosystems). Differences in the quantity of cDNA loaded were compensated for by expressing the results relative to ␤-2 microglobulin cDNA employing the comparative threshold cycle method (Applied Biosystems).
Immunocytochemical staining and confocal microscopy of cells. In the case of quantification of percentages of HCMV-infected SMCs at various MOIs, SMCs were cultured in 96-well plates in the presence of complete SmGm2 medium. When they had reached 80% confluence, the cells were infected with HCMV (AD169, Towne, or HA) at various MOIs (0.1 to 10) and fixed at 24 hpi with ice-cold methanol-acetone (1:1) for 10 min at room temperature. In the case of confocal microscopy HPASMC were cultured on eight-well sterile chamber glass slides in the presence of complete SmGm2 medium. When they had reached 80% confluence, the cells were infected with the HCMV laboratory strain AD169 at an MOI of 1. Cells were washed in phosphate-buffered saline (PBS) and then fixed at 1, 3, and 7 days postinfection (dpi) with ice-cold methanol-acetone (1:1) for 10 min at room temperature followed by three washes in PBS and later on incubated in protein block (Dakopatts) for 5 min. For detection of HCMV infection, the cells were incubated together with antibodies to the IEA or a late antigen (SL20) (both procured from Argene, Biosoft, Parc Technologique Delta Sud, Varilhes, France) or anti-HCMV gB (monoclonal antibody, produced and kindly provided by William B. Britt, University of Alabama at Birmingham, Birmingham, AL), followed by incubation with a secondary antibody conjugated with FITC (Dakopatts), and then examined by fluorescence microscopy.
In the case of confocal microscopy, the cells were exposed to primary antibodies specific for PDGFR-␤ (purified mouse monoclonal IgG1) (R&D Systems), Rab4 (rabbit polyclonal IgG), Rab5 (rabbit polyclonal IgG), Lamp1 (goat polyclonal IgG), and Lamp2 (goat polyclonal IgG) (all obtained from Santa Cruz Biotechnology, Santa Cruz, CA); histone deacetylase 1 Cy5 (rabbit polyclonal; Abcam); or rabbit polyclonal antibody to CMV (Abcam, Cambridge, United Kingdom), all at a dilution of 1/100 in PBS, for 60 min at 4°C followed by 10 min at room temperature. After three washes with PBS the cells were incubated with the appropriate secondary antibodies conjugated with FITC or Cy5, i.e., rabbit anti-mouse antibodies (FITC; Dakopatts) or goat anti-mouse IgG (Alexa Fluor 488), goat anti-rabbit IgG (Texas Red), goat anti-rabbit IgG (FITC), donkey anti-goat IgG (Cy5), donkey anti-rabbit IgG (Cy5), and donkey anti-mouse IgG (FITC) (all purchased from Jackson ImmunoResearch Laboratories, West Grove, PA, and all at a dilution of 1/100), together with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (diluted 1/100 in PBS) for 30 min at 4°C and then at room temperature for 5 min.
Fluorescence microscopy analysis was performed with a Leica DMRXA microscope (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a cooled charge-coupled device camera (model S/N 370 KL 0565; Cooke Corporation, NY). Sets of filters for DAPI/Hoechst stain, FITC, Cy3, and Cy5 were obtained from Chroma Technology (Brattleboro, VT). The images were acquired using a 40ϫ or 60ϫ objective and further analyzed using the image processing software SlideBook 2.1.5 (Intelligent Imaging Innovations Inc., Denver, CO) and then postprocessed and mounted in Adobe Photoshop CS (Adobe Systems Inc., San Jose, CA) or analyzed with a Leica TCS SP5 microscope. Images were acquired using a 63ϫ objective and Leica Application Suite Advanced Fluorescence software. 
RESULTS
Infection of SMCs by HCMV leads to downregulation of their expression of PDGFR-␣ and -␤.
As demonstrated by fluorescence-activated cell sorting (FACS) analysis, the level of expression of PDGFR-␣ and -␤ on the surface of HPASMC was reduced by HCMV in a dose-dependent fashion at 3 dpi (Fig. 1A and B) . At an MOI of 1, the three HCMV strains tested (i.e., AD169, Towne, and HA) all downregulated this expression to similar extents (Fig. 1C) . We infected SMCs at three different passages (p10, p11, and p14) with different HCMV strains (AD169, Towne, and the clinical isolate HA) at MOIs of 0.1, 1, and 5 and stained these cells for IE proteins 24 hpi. At an MOI of 0.1, 30%, 45%, and 70% of the cells were infected using AD169, Towne, and HA, respectively. At an MOI of 1, 80%, Ͼ90%, and Ͼ90% of the cells were positive for IE proteins in AD169-, Towne-, and HA-infected cells, respectively. At an MOI of 5, Ͼ90% of the cells stained positive for IE proteins with all strains, AD169, Towne, and HA (data not shown). To exclude the possibility that the attenuated expression of PDGFR simply reflects a general shutdown of protein synthesis in HCMV-infected cells, we examined the expression of two other proteins, ICAM-1 and CD13, as well. Infection of HPASMC with HCMV was associated with upregulation of ICAM-1 expression (as previously reported [23] ) but did not alter CD13 expression (Fig. 1D) .
Since PDGFR-␣ and -␤ are expressed by a variety of cells, we examined the influence of infection by HCMV on this expression by fibroblasts and endothelial cells as well. Fibroblasts were found to express PDGFR-␣ and -␤ at levels similar to those present on SMCs, and this expression was reduced by HCMV in a similar manner at 3 dpi (Fig. 1E and F) . As expected, PDGFRs were not detected on endothelial cells and infection with HCMV did not elicit their expression (Fig. 1E  and F) .
Next, we assessed the effect of viral infection on the expression of PDGFR-␣ and -␤ on the surface of SMCs at different time points following infection. FACS analysis revealed that expression of PDGFR-␣ was downregulated by 55%, 77%, and 61% at 1, 3, and 6 dpi, respectively, while the corresponding reductions in PDGFR-␤ were 30%, 63%, and 64%, respectively ( Fig. 2A and  B) . Further analysis of PDGFR-␣ and -␤ and IEA mRNA expression 0, 8, 12, 24, and 72 hpi showed a downregulation of PDGFR-␣ and -␤ mRNA expression as early as 8 hpi (Fig. 2C  and D) . At 72 h the mRNA expression of PDGFR-␣ and -␤ had decreased by approximately 80% (Fig. 2C and D) , and IEA mRNA levels were high at the same time point (Fig. 2E) .
In order to determine if the total or only the surface levels of PDGFR-␣ and -␤ were reduced in HCMV-infected cells, total protein extracted from these cells was subjected to Western blotting for these proteins with both monoclonal and polyclonal antibodies. HCMV reduced the total levels of PDGFR-␣ and -␤ proteins in SMCs and fibroblasts, as demonstrated with polyclonal antibodies (Fig. 3A and B) as well as monoclonal antibodies (Fig. 3C and D) . To assess if the functionality of PDGFR-␣ and -␤ was affected upon HCMV infection, experiments were performed in which uninfected and HCMV-infected SMCs were stimulated with recombinant human PDGF-␤␤ for 7 min and thereafter analyzed by Western blotting, for detection of phosphorylated PDGFR-␤ or PDGFR-␣. The phosphorylation of PDGFR-␤ (tyrosine residue Y751) was lower in the infected SMCs than in the uninfected cells at 3 dpi (Fig. 3E) , but phosphorylation was not detected at the PDGFR-␣ tyrosine residue Y762 in uninfected or infected cells after PDGF-BB stimulation at 3 dpi (Fig. 3F) .
Furthermore, analysis of total cellular mRNA by real-time PCR demonstrated that infection of HPASMC by HCMV was associated with decreases in the levels of PDGFR-␣ and -␤ mRNA at early time points after infection and in a dosedependent manner (Fig. 4A and B) . Thus, the level of PDGFR-␣ mRNA was reduced by 84%, 78%, and 96% at 1, 3, and 7 dpi, respectively, after infection by HCMV, while the corresponding values for PDGFR-␤ mRNA were 69%, 78%, and 99%, respectively ( Fig. 4C and D) . Similarly, infection of HCASMC with the endothelial cell-adapted clinical isolate VR1814 decreased the level of PDGFR-␤ mRNA by 12%, 46%, and 98% at these same time points, respectively (Fig. 4E) .
Downregulation of the expression of PDGFR-␣ and -␤ in HCMV-infected SMCs requires IE or early gene expression.
To exclude the possibility that the effect of HCMV on PDGFR-␣ and -␤ expression by SMCs was mediated by soluble factors present in the viral inoculums, we cleared viral preparations from virus particles by filtration. Virus-free supernatants from HCMV-infected fibroblasts did not affect PDGFR expression by SMCs. Thus, the downregulation was mediated by the virus itself, rather than by soluble factors released from the fibroblast during viral infection. Moreover, pretreatment of the virus with intravenous Ig (IVIG) completely blocked its ability to downregulate the expression of PDGFR, suggesting that early events associated with virus binding or fusion are necessary to obtain this effect.
In order to examine further whether active replication of HCMV was required for inhibition of PDGFR expression, SMCs were challenged with UV-inactivated nonreplicative HCMV. UV-inactivated virus did not affect PDGFR expression as demonstrated by FACS analysis (Fig. 5A and B) . Furthermore, the drug foscarnet, which inhibits the expression of late HCMV genes, did not prevent the reduction in PDGFR-␣ and -␤, indicating that IE and/or early viral gene products are responsible for this phenomenon (Fig. 5A and B) . To rule out the possibility that the downregulation of PDGFR expression was dependent on an SMC-inducible factor upon HCMV infection of SMCs, experiments were also performed with supernatants from HCMV-infected SMCs collected at different time points after infection (4 h, 12 h, 24 h, and 72 h). The supernatants from SMCs infected with HCMV were cleared from viral particles by filtration, and these virus-free supernatants from HCMV-infected SMCs did not affect PDGFR expression in SMCs at 3 dpi as shown by FACS analysis (Fig. 5C and D) . We further analyzed supernatants from SMCs at 24 hpi with enzyme-linked immunosorbent assay for PDGF-AB or PDGF-BB. There were no different levels of PDGF-AB and -BB in uninfected and HCMV-infected SMC supernatants (data not shown).
PDGFR-␤ accumulates in late endosomes/lysosomes in HCMV-infected SMCs. When confocal microscopy was employed to examine the intracellular distribution of PDGFR-␤ in uninfected and HCMV-infected SMCs, an interesting difference in PDGFR-␤ localization was observed 1 dpi, and this difference became even more pronounced at later time points. Whereas PDGFR-␤ was evenly distributed along the plasma membrane in uninfected cells, in HCMV-infected cells this protein was located in vacuoles close to the plasma membrane (Fig. 6 ). Under these conditions, HCMV infection did not affect cell viability, since more than 90% of the infected cells were nonapoptotic or necrotic, as demonstrated by FACS analysis (data not shown).
In order to identify the intracellular localization of PDGFR-␤ in HCMV-infected SMCs in more detail, the possible colocalization of this protein with markers for early endosomes (Rab4), late endosomes (Rab 5), late endosomes/early lysosomes (Lamp1), and late endosomes (Lamp2) was examined utilizing specific antibodies. PDGFR-␤ was found to be colocalized with Rab4 and Rab5, specific for endosomes that play key roles in the secretory and endocytic pathways (22) . We also observed colocalization with Lamp1 and Lamp2, suggesting that in HCMVinfected cells PDGFR-␤ enters intracellular pathways for protein degradation (Fig. 7) . However, PDGFR-␤ was not associated with histone deacetylase 1, a chromatin-remodeling factor (data not shown).
DISCUSSION
In the present investigation, we demonstrate that infection of SMCs by HCMV downregulates the expression of PDGFR-␣ and -␤ on these cells. In connection with such infection the levels of PDGFR-␣ and -␤ on the surface and in the total protein of SMCs were reduced in parallel with attenuated mRNA levels, as shown by FACS analysis, Western blotting, and real-time PCR, respectively. This reduced expression of PDGFRs did not reflect a general downregulation of cell surface receptors since the expression of CD13 was unaffected and that of ICAM-1 was upregulated in the HCMVinfected cells. These findings may have important implications with respect to the influence of congenital HCMV infection on fetal development.
PDGFs have been reported to participate in the proliferation, migration, differentiation, and various other processes in a variety of specialized mesenchymal cells, glial progenitor cells, and migratory cells in connection with developmental processes involved in the formation of the cardiovascular system, epithelial organs, the central nervous system, and the skeleton. The observation that mice lacking PDGFR-␤ die during the late period of gestation from cardiovascular complications, exhibiting abnormal kidney glomeruli, capillary microaneurysms, hypoplasia of arterial SMCs, cardiac muscle hypotrophy, placental defects, and widespread edema and hemorrhage (reviewed in reference 3) clearly demonstrates the important roles played by PDGF-B/PDGFR-␤ signaling in connection with fetal development. Mice lacking PDGFR-␣ also die in utero, and these mice exhibit incomplete cephalic closure and skeletal abnormalities (26) .
PDGFs were identified initially as mitogenic growth factors but have subsequently been shown to act as survival factors as well: e.g., mice lacking PDGFR-␣ exhibit elevated rates of apoptosis along the pathways followed by migrating neural crest cells (26) . Moreover, PDGFR-␣ is expressed throughout the mesenchyme of the developing mouse kidney (15) and is required for lung development including the formation of alveoli (4) . HCMV is considered to be the congenital infection that most often leads to disruption of development of the central nervous system. We have recently found that HCMV inhibits the differentiation of neural precursor cells into neurons (19) . Similar observations have been described for the animal model (13) . Our present finding that infection of SMCs and fibroblasts by HCMV causes downregulation of both PDGFR-␣ and -␤ may have important mechanistic implications in this context. However, most likely the virus effect on SMC PDGFR expression will not have any major implications for the development of vascular diseases in adults.
In vitro studies by Zhou et al. (34) have previously shown enhanced migration in response to PDGF and upregulation of PDGFR-␤ expression by HCMV-infected SMCs. However, these experiments involved rat, rather than human, SMCs infected by HCMV. The differences between our study and theirs may be explained by different effects of HCMV in human and in rodent cells, since CMV is known to be a highly species-specific virus. However, in direct disagreement with our observations, Reinhardt et al. (21) recently reported that infection of HCASMC with HCMV leads to enhanced expression of PDGFR-␤. At present, the explanation for this discrepancy is unknown; however, there are multiple differences between the experimental setup in the study by Reinhardt on both PDGFR-␣ and -␤ and used both monoclonal and polyclonal antibodies. Furthermore, in our study we also analyzed the transcription of PDGFR-␣ and -␤, which upon HCMV infection results in a clear downregulation. We obtained highly consistent results in observing downregulation with multiple techniques. However, no obvious explanation for the differences exists at this point. In summary, we observed here that infection of both human SMCs and fibroblasts by HCMV is followed by a general downregulation of PDGFR expression and that apparently the virus has an ability to affect both transcriptional and posttranslational events. Although there are several possibilities concerning why HCMV exerts such an effect, the implications for viral pathogenesis and developmental biology require further elucidation.
